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ABSTRACT: Understanding how the electrolyte pH affects electrocatalytic activity
is a topic of crucial importance in a large variety of systems. However, unraveling the
origin of the pH effects is complicated often by the fact that both the reaction driving
forces and reactant concentrations in the electric double layer (EDL) change
simultaneously with the pH value. Herein, we employ the hydrogen evolution
reaction (HER) at Au(111)-aqueous solution interfaces as a model system to
disentangle different pH-dependent factors. In 0.1 M NaOH, the HER current
density at Au(111) in the potential range of −0.4 V < ERHE < 0 V is up to 60 times
smaller than that in 0.1 M HClO4. A reaction model with proper consideration of the
local reaction conditions within the EDL is developed. After correcting for the EDL
effects, the rate constant for HER is only weakly pH-dependent. Our analysis
unambiguously reveals that the observed pH effects are mainly due to the pH-
dependent reorganization free energy, which depends on the electrostatic potential
and the local reaction conditions within the EDL. Possible origins of the pH and temperature dependence of the activation energy
and the electron transfer coefficients are discussed. This work suggests that factors influencing the intrinsic pH-dependent kinetics
are easier to understand after proper corrections of EDL effects.
KEYWORDS: hydrogen evolution reaction, Au(111) electrode, pH effect, rate constants, EDL effects

1. INTRODUCTION
Most electrochemical energy conversion technologies involve
complex electrode reactions with multiple pathways (even
multiple products). Furthermore, each pathway usually includes
multiple elementary steps but already the kinetics of a single
elementary step may depend on multiple, intertwined factors
such as catalytic effects (adsorbate bonding energy, coverage,
reaction barrier), solvent effects, electric double layer (EDL)
effects, mass transport effects and so on. Reliably quantifying the
contribution of the various factors on the elementary reaction
kinetics is of great importance in establishing the principles of
electrocatalysis and unravelling the key factors controlling the
overall kinetics of complex reactions. Being the simplest
electrocatalytic reaction, hydrogen evolution reaction (HER)
has served as the prototypical model reaction for more than a
century and hence holds a pivotal role in the development of
theories in electrocatalysis.1−3 The HER has helped in the
formulation of the Butler−Volmer rate law4−6 and the slow
discharge theory7 of electrode kinetics in the 1920s and 1930s,
the establishment of the binding energy approach in electro-
catalysis in the 1970s,8 as well as the development of the
computational hydrogen electrode method in the 2000s.9

Although HER involves the transfer of only two protons and
two electrons, a complete understanding of factors influencing
its reaction mechanism and kinetics has not been reached yet.
For example, studies on various electrocatalysts have confirmed
that HER current density in acid is ca. 1 to 3 orders of magnitude
higher than that in alkali.10−13 However, the origin(s) of pH-
dependent HER activity has been hotly debated in past
decades,14−16 and several reasons have been proposed: (i)
increase in the binding energy of hydrogen (HBE) with
pH;17−21 (ii) change in the nature of the proton donor from
H3O+ in acid to H2O in alkali;22−25 (iii) changes in double layer
structure, electric field and entropy factor;26−28 (iv) changes in
the hydrogen bond network connectivity within the EDL.29,30

The understanding of the pH effect on HER has undergone an
intriguing shift. The perspective gradually transitioned from the
view of Yan and Goddard et.al, who focused on the changes in
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metal−hydrogen bond strength with pH in heterogeneous
catalysis,18,19 to the approach of Karen Chan andMarkovic et.al,
who considered the changes in reactants with pH.12,23,25

Currently, the focus has shifted to the perspective of Koper,
Chen and others, who emphasize changes in the double layer
structure and electric field with pH.28,29 However, the study of
EDL effects on electrode kinetics is not new and can be traced
back to the 1930s.7 Scholars, represented by Frumkin, gradually
deepened their understanding through the study of HER on Hg
and the reduction of peroxydisulfate anion, and proposed
theories such as the Frumkin correction, which is now nearly a
century old.1,31,32 However, there is a risk that such excellent
theories have been forgotten in the past two or three decades.
Recently, some electrolyte effects in electrocatalytic reactions
represented by oxygen evolution, carbon dioxide reduction, and
formic acid oxidation, such as pH effects and cation effects, have
been re-emphasized by researchers for their influence of the
EDL effect on electrode kinetics.33−35 Increasing attention is
being directed toward the role of the EDL region in influencing
the kinetics of electrocatalytic reactions.33,36,37

Despite progress, a fully satisfactory and concise description
of pH-dependency even in the simplest electrocatalytic reaction,
HER, has not been reached due to challenges met in unveiling
the underlying causes of the pronounced decrease in the HER
current with increasing pH. The following challenges can be
identified: (i) Most data on the pH-dependent activity of HER
were obtained for platinum-group metals (PGMs), particularly
Pt-based electrocatalysts,17,28,38−41 but the HER mechanism on
such catalysts is different in acidic and alkaline media.41,42 (ii)
the most commonly used the activity metric, i.e., the exchange
current density or current density at fixed overpotential, does
not reflect the intrinsic reaction kinetics because it also includes
the influence of reactant concentrations and adsorbate coverage
in addition to the rate constant.43 Therefore, the observed
differences in the HER activity results from the interplay of
multiple factors, including electronic interactions between
intermediate adsorbates and electrode materials, electrostatic
interactions within the EDL and so on.
Compared to Pt-based electrocatalysts, less active metals,

such as gold, possess several advantages in mechanistic
investigations of pH effects on the HER. First, at these less
active catalysts, such as coinage metals,44,45 the first electron
transfer step, i.e., the Volmer step, is the rate-determining step
(RDS) of HER in both acidic and alkaline solutions. Second, it is
anticipated that the EDL effects are more pronounced for such
mediocre catalysts. Lastly, the kinetic parameters, such as the
activation energy (Ea) and the pre-exponential factor (A), can be
determined more accurately since the complications from the
second elementary step can be eliminated.44

For these reasons, the HER at the Au(111) electrode is taken
as the model reaction in this study and herein we report our
results from our systematic studies on the pH and temperature
effects on HER kinetics in 0.1MHClO4 and NaOH solutions. A
multiscale and multiphase EDLmodel considering mass transfer
with steric effect, EDL structure and electrocatalytic reaction, is
utilized to obtain microscopic and macroscopic insight on the
local reaction conditions and their effect on the HER current.
We perform a quantitative analysis of multiple factors on the pH-
dependent HER kinetics and have determined the (standard)
activation Gibbs free energy, charge transfer coefficient for the
Volmer reaction as well as their potential, pH and temperature
dependencies. The origins of the difference in HER kinetics at
Au(111) in acidic and alkaline media are discussed. The

apparent pH effects observed, i.e., ca. 1 to 60 times difference in
HER current density are primarily due electrostatic effects
leading to alterations in the concentration of reactants and the
electric potential at the reaction plane within the EDL between
acidic and alkaline environments. Possible origins of differences
in the activation energy and charge transfer coefficients, their
temperature dependence in acid and alkaline media as well as
their correlation with temperature dependent change of solvent
reorganization free energy, will be discussed.

2. EXPERIMENTAL METHOD
Gold (111) single crystals electrodes were prepared according to
Clavilier’s46 method and used as the working electrode (WE). The
reference electrode, saturated calomel electrode (SCE), wasmaintained
at room temperature and connected to the cell through a long Luggin
capillary. An Au wire was used as the counter electrode (CE). The
electrolyte solutions, i.e.,0.1 M HClO4 and 0.1 M NaOH, were
prepared using perchloric acid (70% ∼ 72%, Aladdin), sodium
hydroxide (99.99%, Sigma-Aldrich) and ultrapure water (18.2 MΩ
cm, Milli-Q pure water system). During the measurements, the
electrolyte was constantly purged with Ar (99.999%, Nanjing Special
Gas Corp.). Before the measurements, the solution was purged with Ar
for at least 20 min. All glassware was boiled three times with a cleaning
solution of ultrapure water to thoroughly remove trace impurities.
Before each experiment, the single crystal electrode was flame-

annealed followed by quenching in ultrapure water (18.2 MΩ cm).
During the transfer of the WE to the electrochemical cell, the electrode
surface was protected with ultrapure water to prevent contamination by
airborne impurities. The electrode surface was covered with
deoxygenated water droplets during the transfer to the electrochemical
cell to avoid contact with impurities. During all measurements, the
meniscus configuration was maintained between the WE surface and
the electrolyte. A thermostatic cell was used in all experiments on
temperature effects, and the cell temperature was controlled by water
flow from the thermo-bath at the desired temperature through a glass
jacket. The experiments were carried out at various temperatures in the
range 278 K ≤ T ≤ 313 K with an accuracy of ±0.1 K.
The electrode was continuously cycled in the potential region from 0

to 1.2 VRHE at a scan rate of 50 mV/s until clean and reproducible cyclic
voltammetry (CV) curves were obtained. Then, the HER j−E curves at
the corresponding temperatures were recorded in the hanging-
meniscus rotating disk electrode (HMRDE) configuration with a
rotation speed of 3600 rpm. TheOhmic resistance between the working
electrode and the Luggin capillary of the reference electrode was
measured by electrochemical impedance spectrometry and then
compensated (to 95%) at each temperature.47 The currents were
normalized to the geometric surface areas of the WE to obtain the
current density. To compare experimental data at the same over-
potential, all potentials measured at any temperature were converted to
the RHE scale after correction of the thermal junction potential.48 To
ensure that the crystallinity of the Au(111) electrode did not change
significantly during the experiments, the electrode was reannealed
before each temperature and the quality of Au(111) electrode as well as
the cleanness of the cell systemwas checked by CV before recording the
j−E curves for HER (Figures S3 and S4).

3. MODEL DEVELOPMENT
We model the reduction of hydronium and water molecules at
Au(111) in 0.1MHClO4 and 0.1MNaOH electrolyte from 278
to 313 K, respectively, to understand the pH and temperature
effects on the HER. The total model connects a microkinetic
submodel and an EDL submodel, from which the electric
potential and concentration distribution within the EDL can be
obtained.
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3.1. Reaction Mechanism
In an acidic solution, hydrated protons (H+) are the discharging
precursor. The overall reaction for HER in acidic medium is

F++2H 2e H2 (R1)

which proceeds via the following elementary steps:

F+ * ++Volmer step: H e Had (R2)

F+ + + *+Heyrovsky step: H H e Had 2 (R3)

F + *Tafel step: 2H H 2ad 2 (R4)

In alkaline medium, water molecules are the hydrogen donors
and the overall HER mechanism is

F+ +2H O 2e H 2OH2 2 (R5)

with the following elementary steps:

F+ * + +Volmer step:H O e H OH2 ad (R6)

F+ + + + *Heyrovsky step: H O H e H OH2 ad 2
(R7)

F + *Tafel step: 2H H 2ad 2 (R8)

3.2. Kinetic Rate Equation
The Volmer step is assumed to be the rate-determining step
(RDS) of the HER at Au(111) in acidic (R2) and alkaline
solutions (R6).44 AsHER takes place on or near the surface, only
hydrated protons or water molecules within a certainty distance
from the surface or within a certain space of the EDL contribute
to the reaction.49,50 For simplicity, we assume that the all
hydrogen donation takes place at the most likely reaction plane
(RP), which is located near the inner Helmholtz plane of the
EDL. Since the Volmer reaction is the rate-determining step of
HER, the coverage ofHad at Au(111) is nearly zero, we can safely
ignore the backward reaction and the HER rate is
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in 0.1 M NaOH solution. The j2f/j6f specifically refers to the
current density of forward acid/alkaline Volmer step (R2/R6) of
the HER. A is the pre-exponential factor; the superscript RP
denotes the reaction plane, cH+

RP and cHd2O
RP represent the

concentration of protons and water at the RP, nM is the number
density of Au atoms on Au(111) electrode, R is the gas constant,
and T is the absolute temperature. e0 is the elementary charge,
cH+
0 and cHd2O

0 are the concentrations of hydronium and water
under standard conditions, respectively. Because water mole-
cules are uncharged and their concentration is significantly
higher than other solution-phase species, we assume that cHd2O

RP =
cHd2O
bulk . ΔGacidV

≠ (ESHE) and ΔGalkaV
≠ (ESHE) are the activation

energies of the Volmer step of hydronium and water discharge
both of which are functions of the applied electrode potential
(ESHE). Assuming that the reaction barrier follows to the
Bro̷nsted-Evans−Polanyi relation,51 it gives

= +G E G F E

E

( ) (

)

acidV SHE acidV
,0

acidV SHE acid
RP

SHE,acidV
0

(3)

= +G E G F E

E

( ) (

)

alkaV SHE alkaV
,0

alkaV SHE alka
RP

SHE,alkaV
0

(4)

where ΔGacidV
0, ≠ and ΔGalkaV

0, ≠ are the equilibrium activation
energies of the Volmer reaction with hydronium and water
molecule, respectively, as the discharge precursor. αacidV and
αalkaV are the corresponding charge transfer coefficients.
According to the general definition of electrode potentials,52

the applied electrode potential (ESHE) can be written as
=E F E/SHE M S e

M
abs
SHE, where ϕM and ϕS are the

inner electric potential of the metal electrode and the solution,
μeM is the chemical potential of electrons in the metal electrode,
which can be estimated from DFT calculations,53,54 and EabsSHE is
the absolute potential of the standard hydrogen electrode
(SHE). ϕacid

RP and ϕalka
RP are the electric potentials at the RP under

acidic and alkaline media, respectively. ESHE, acidV0 and ESHE, alkaV0

are the standard equilibrium potentials of the Volmer step in
acidic and alkaline conditions. Because of the low coverage of
adsorbed hydrogen at the Au(111) within the potential range of
interest, their impacts on the later interactions and reaction
barrier are ignored.
3.3. EDL Model
Since the local reactant (H+) and product (OH−) concen-
trations and reaction barriers depend on the electric potentials at
the RP, the concentration of ionic species involved in
electrochemical reactions ni (i = H+, Na+, OH−, ClO4

−) and
the distribution of the electric potential ϕ across the EDL are
needed. We determine them by solving the modified Poisson-
Nernst−Planck (PNP) equation, considering diffusion, electro-
migration as well as steric effects.36,57,58
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where ϵs is the dielectric permittivity of the bulk aqueous
solution, zi, ni, and Di are the charge number, number density,
and diffusion coefficient of ion i, respectively. ns is the number
density of water molecules, nt is the total number density. γi =
(di/dt)3 is the size coefficient accounting for finite size effects,
with di being length of the cubic cell occupied by particle i, and dt
being the reference size. kB is the Boltzmann constant.The
symbol j ≠ s denotes ions in the electrolyte solution other than
water molecules.
Solving this set of partial differential eqs 5 and 6) requires the

initial and the left and right boundary conditions. The RP is
defined as the left boundary at x = 0 and the left boundary
conditions are

=J
j

nei i
HER

0 (7)
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Equation 7 is the Faraday’s law of electrolysis, which relates the
reactant and product fluxes (Ji) with the total current density of
the reaction (jHER). n is the number of electrons transferred
during the HER, and υi is the stoichiometric number of ion i,
which equals 0 if it does not participate in the electrochemical
reaction. χM is the surface potential of the metal-solution
interface. t(0, )

x RP
s

RP
represents the electric potential drop

in the compact layer of EDL attributed to the surface free charge,
δRP is the distance from the metal surface to the RP, and ϵRP is
the dielectric permittivity of the space between the metal and the
RP. The value of ϵRP = 6 ϵ0 used at 298 K in this work, are closed
to this used by Parsons.59

The right boundary corresponds to the bulk solution at x = xb
with the boundary conditions

=n x t n( , )i ib
b (9)

=x t( , ) 0b (10)

The initial conditions at t = 0 are

=n x n( , 0)i i
b

(11)

=x( , 0) 0 (12)

A schematic illustration of the potential distribution and the
corresponding ion distribution at the Au(111)/electrolyte
interface at potentials where the HER occurs is shown in Figure
1. On the Au(111) electrode HER takes place in a potential

region where the surface free charge density is always negative
because the potential of zero free charge (PZFC) of Au(111) in
0.1MHClO4 solution is ca. 0.53 VSHE,

60 which is higher than the
potential region where HER occurs. The RP is located at x = 0,
which is also the minimum ion-surface distance. Beyond the RP
lies the diffuse layer, whose characteristic thickness is about

Debye length61 = k T e n/2D B s 0
2 b 1.5 nm in this work. The

diffusion layer thickness can be estimated from the Levich
theory of rotation disk electrodes

= D1.61D
1/3 1/6 1/2 (13)

where D is the reference diffusion coefficient, ν is the kinematic
viscosity of the solution phase, andω is the rotation speed of the
rotating disk electrode apparatus. We consider the effect of
convection by limiting the thickness of the diffusion layer.
As shown in Figure S1, we solve the PNP equation, eqs 5-6, in

MATLAB, with the boundary conditions, eqs 7-10, and initial
conditions, eqs 11-12. The numerical solutions provide the
potential-dependent concentration and potential distributions.
The current can be obtained by solving eq 1 and eq 2. Note that
the current is related to the flux through eq 7, which is the left
boundary of the PNP equation. Therefore, we coupled these two
parts to ensure that the results are self-consistent and
convergent. The temperature-independent parameters are
given in Table S1, and the temperature-dependent parameters
are listed in Table S2. Figure S2 illustrates the variation in
hydronium concentration and electric potential within the
double layer, corresponding to the applied electrode potential,
in solutions of 0.1 M HClO4 and 0.1 M NaOH.

4. RESULTS AND DISCUSSION

4.1. Experimental Polarization Curves of HER at Au(111)
and Model Analysis
Two representative sets of the j−E curves for HER at Au(111)
recorded in 0.1 M HClO4 and 0.1 M NaOH solutions at
different temperatures from 278 to 313 K are displayed in Figure
2A and 2B. The HER current at Au(111) increases with rising
temperature, suggesting that the HER at the Au(111) electrode
is an activated process. With increasing temperature, the Tafel
slope in the low overpotential region decreases from 108 to 89
mV/dec in 0.1MHClO4 (Figure 2C) and from 175 to 120 mV/
dec in 0.1 M NaOH solutions (Figure 2D), respectively. This
corresponds to an increase in the apparent charge transfer
coefficient (αapp) from ca. 0.51 to 0.68 in acidic solution and
from 0.32 to 0.52 in basic solution with the increase in
temperature from 278 to 313 K. The smaller αapp in alkaline
media than that in acidic media has been previously observed for
HER on pc-Au in unbuffered and buffered solutions.62,63 The
temperature dependency also aligns with previous reports on
HER at metal electrodes such as Ag, Au and Hg.64,65 A similar
pH-dependency of HER at Pt group metals has also been
reported and the apparent HER current at the same potential on
the RHE scale in acidic media is higher than that in alkaline
media.28,39,41

The ratio of the HER current density in acid and in base at the
same ERHE, =r E j j( ) /j RHE 0.1MHClO 0.1MNaOH4

, is presented as a
function of potential in Figure 4A. At the same temperature, rj
increases at more negative electrode potentials. At the same
ERHE, rj rises with increasing temperature. In the potential range
with −0.4 V < ERHE < −0.1 V, rj is in the range from 1 to ca. 60,
depending on the applied potential and the temperature.

Figure 1. Schematic illustration of the distribution of electric potential
and the concentration of reactants in the EDL of Au(111) in 0.1 M
HClO4 (black lines) and NaOH (baby blue lines) under HER
conditions at the same overpotential, where the surface free charge on
the Au(111) surface σfree < 0 and the electrostatic potential difference
between the metal and solvent,ϕM − ϕS < χM, withϕM andϕS being the
inner electric potential of the metal electrode and the solution, and χM
being the surface potential of the metal-solution interface due to spill
over of electrons. The RP is the reaction plane, located near the inner
Helmholtz plane of the EDL with a distance of ca. 2.5 Å to the Au(111)
surface.29,55,56 The RP is used as the left boundary of the modified
Poisson−Nernst−Planck (PNP) equation (xleft = xRP = 0). The bulk
solution is used as the right boundary (xright = xb). The driving force is
calculated by ϕM − ϕRP, where ϕRP is the inner electric potential at the
RP. Due to electrostatic attraction, the concentration of the hydronium
ion at the RP is higher than that of the bulk solution (cH+

RP > cH+
b ). Since

the water molecule is uncharged, its concentration at the RP is equal to
the bulk concentration (cHd2O

RP = cHd2O
b ).
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In order to disentangle the catalytic and electrostatic effects
on HER kinetics, the potential dependent HER current density
at Au(111) in acidic media on the SHE scale is expressed using
the Frumkin-Butler−Volmer theory in eqs 1 and 3

=

×
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+
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ERHE equals

= +E E RT F/ ln 10 pHRHE SHE (15)

Inserting eq 15 into eq 14 yields eqs 2 4
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Similarly, the alkaline HER current density is obtained from eqs
2 and 4

=
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which after inserting eq 15 gives
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By solving the modified Poisson-Nernst−Planck Equation
(eq 6) with the relevant boundary (eqs 16 or 18) and parameters
(Tables 1, S1 and S2), j−E curves for HER at Au(111) can be

Figure 2. Simulated (solid lines) and measured (dots) j−E curves for
HER at the Au(111) electrode in Ar-saturated (A) 0.1 M HClO4 and
(B) 0.1MNaOH solutions at various temperatures. The j−E curves are
automatically recorded with 95% Ohmic compensation. The potential
scan rate was 10 mV/s, and the electrode rotation speed is 3600 rpm.
(C−D) The corresponding Tafel plots of HER in (C) 0.1 M HClO4 at
278−303 K and (D) 0.1 M NaOH at 278−313 K. (E) Simulated (solid
lines) and measured (different dots) j−E curves for HER at Au(111)
electrode or polycrystalline Au at 298 K in 0.1 M HClO4 solution.
Experimental data come from refs 66−68. (F) Simulated (solid lines)
and measured (different dots) j−E curves for HER at the Au(111)
electrode or polycrystalline Au at 298 K in 0.1 M NaOH solution.
Experimental data come from refs 69−71.

Table 1. Summary of the Key Parameters for HER at Au(111) in Acid and Alkaline and Their Temperature Dependencya

Temp pH ΔGacidV/alkaV
≠,0 (eV) αacidV/alkaV ϕacid/alka

RP (V) −0.4 VRHE EacidV/alkaV0 (VSHE) ΔGacidV/alkaV
≠ (eV) −0.4 VRHE

278 K 1 0.658 0.55 −0.148 −0.396 0.706
13 0.575 0.38 −0.354 −1.210 0.745

283 K 1 0.660 0.55 −0.149 −0.399 0.711
13 0.580 0.38 −0.359 −1.220 0.750

288 K 1 0.661 0.55 −0.150 −0.400 0.712
13 0.588 0.39 −0.362 −1.224 0.761

293 K 1 0.662 0.55 −0.152 −0.402 0.715
13 0.594 0.39 −0.368 −1.227 0.765

298 K 1 0.666 0.55 −0.153 −0.408 0.722
13 0.602 0.41 −0.371 −1.236 0.782

303 K 1 0.667 0.55 −0.154 −0.412 0.725
13 0.607 0.42 −0.373 −1.243 0.789

308 K 1 0.667 0.55 −0.155 −0.413 0.726
13 0.612 0.42 −0.379 −1.248 0.793

313 K 1 0.668 0.55 −0.156 −0.414 0.727
13 0.626 0.42 −0.384 −1.254 0.807

aThe table provides the parameters with which the best fit is achieved for the experimental HER j−E curves and the microkinetic model at
temperatures from 278 to 313 K.
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obtained. A good agreement between the measured and
simulated j−E curves for 0.1 M HClO4 and 0.1 M NaOH can
be seen in Figures 2A and 2B, respectively. The model
parameters also lead to a satisfactory agreement with previous
experimental data from different groups66−71 on HER in 0.1 M
HClO4 and 0.1 M NaOH solutions as shown in Figures 2E and
2F.
The key parameters affecting the HER kinetics are listed in

Table 1. At 298 K, ESHE,acidV0 is calculated based on the equation
= = +E G e G G e/ ( )/SHE,acidV

0
H
0

0 H
0

H
0

0ad ad
, where GH

0
ad

and +GH
0 are the adsorption free energy of hydrogen atom and

Gibbs free energy for the formation of hydrated proton under
standard equilibrium conditions of the acid HER, respectively.
The free energy of an aqueous proton +G( )H

0 on the SHE scale at
= +GpH 0, H

0 , is 0 eV. Correspondingly, at the same temper-
ature, ESHE,alkaV0 is obtained from =E E ESHE,alkaV

0
SHE,acidV
0

H O
0

2
,

where EH O
0

2
is the standard equilibrium potential of alkaline

HER. At 298 K, ESHE , a c i dV
0 = −0.408 V because

=G 0.408 eVH
0

ad
, whose value is close to what is predicted

by DFT calculation by Santos et al.,72 and ESHE,alkaV0 = −1.236 V
because =E 0.828 VH O

0
2

. The RP potential, ϕacid/alka
RP , is

obtained from the self-consistent solution of eqs 5 and 6.36

ΔGacidV/alkaV
≠,0 and αacidV/alkaV are determined by fitting the

measured j−E curves displayed in Figure 2A,B.
To further prove the credibility of the employed parameters,

we simulated the polarization curves for pH ranging from 2 to 5
using the same model parameters listed in the Table 1 at 298 K
and the HER kinetics (eqs 1 and 2), as shown in Figure 3A. Our
model achieves good agreement with experimental results. This
indicates two points. First, the developed hierarchical EDL
model, the used reaction mechanism, and the selected model
parameters used to describe pH-dependent HER are reasonable.
Second, the proton discharge takes place more preferentially
from hydronium ions than from water molecules. At lower pH
values, eq 1 (jacid) alone is sufficient to fit the experimental
polarization curves for acidic HER, suggesting that hydrated
protons discharge first. Between 2.5 ≤ pH ≤ 5, the total current
is determined by the sum of eqs 1 and 2 (jtot = jacid + jalka), which
allows us to fit the experimental polarization curves. This
indicates that protons are initially obtained from the hydronium,
followed by the discharge of water molecules at higher
overpotentials where the limiting diffusion current is observed.
At pH = 13, eq 2 (jalka) alone is sufficient to fit the alkaline HER

curves, indicating that the water molecules are the dominant
source of protons as the concentration of hydronium ions is too
small to contribute even though there is discharge thermody-
namically possible.
As the temperature is increased, the activation energy

(ΔGacidV/alkaV
≠,0 ) increases gradually and slight negative shift in

the equilibrium potential ESHE,acidV/alkaV0 is seen at both pH = 1
and pH = 13. With the temperature rising from 278 to 313 K,
ESHE,acidV0 (ESHE,alkaV0 ) decreases from−0.396 (−1.210) to−0.414
(−1.254) VSHE and ΔGacidV

≠,0 (ΔGalkaV
≠,0 ) increases from 0.658

(0.575) to 0.668 (0.626) eV, respectively. This can be
understood by the fact that on Au(111) the Volmer step R2
(R6) is an endothermic reaction with a negative reaction
entropy of ca.−5.14 × 10−4 (−1.26× 10−3) eV/K (as estimated
from =S e E T/acidV/alkaV

0
0 SHE,acidV/alkaV

0 , following from
Nernst equation) under standard equilibrium conditions. We
have also tested other sets of parameters in themodel to simulate
the measured j−E curves but the experimentally measured HER

current density ratio, =r E( )j
j

jRHE
0.1 M HClO4

0.1 M NaOH
, is larger than unity in

the entire potential−0.6 V < ERHE < 0 V can be reproduced only
whenΔGacidV

≠,0 >ΔGalkaV
≠,0 . The value obtained forΔGacidV

≠,0 is also in
good agreement with DFT calculation by Santos et al.2 Possible
reasons for why ΔGacidV

≠,0 is larger than ΔGalkaV
≠,0 are discussed

qualitatively in the following section.
From Table 1, it is evident that in the acidic HER, αacidV after

EDL correction remains relatively constant as the temperature
increases, with a value of αacidV ≈ 0.55. Conversely, in the
alkaline HER, αalkaV exhibits a slight increase with increasing
temperature, and the approximate value of αalkaV is 0.40, which is
in agreement with previous reports of HER at Cu, Au, Pt, and Fe
under similar reaction conditions.73 These findings highlight the
distinct pH and temperature dependencies of αacidV/alkaV in acidic
and alkaline environments.73 Possible origin for the this will be
discussed below.
From eqs 16 and 18 and the parameters given in Table 1, the

smaller HER current in alkaline than in acid medium can be
tentatively attributed to the slightly higher apparent activation
energy in alkaline solutions. However, this does not necessarily
mean that the intrinsic catalytic activity of HER in alkalinemedia
would be smaller than in acid. In particular, the column 3 of
Table 1 shows that in alkaline media the activation energy of the
Volmer step is slightly smaller than that in acid when the overall
HER is under standard equilibrium conditions. Instead, the
higher apparent activation energy in 0.1 M NaOH than in
HClO4 results from the electrostatic effect; in alkaline solutions

Figure 3. (A) Polarization curves given by the EDL model and experiments, and experimental data from the Markovic et al. group.66 (B) A localized
enlargement of Figure 3A.
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the electric potential at the RP is significantly more negative than
in acidic solutions. Furthermore, the charge transfer coefficient
in 0.1 M NaOH is also smaller. Together these two effects
reduce the HER driving force as compared to acidic conditions
and thereby make alkaline HER less active than the acidic even
though the intrinsic reaction barrier in alkaline conditions is
smaller than that in acidic solutions.
4.2. Possible Origins of the Smaller Standard Activation
Energy and Charge Transfer Coefficients for the Volmer
Reaction at Au(111) in Alkaline Media than That in Acid
According to the Schmicker-Koper-Santos (SKS) theory, the
activation energy for forward Volmer reaction can be expressed
as74,75

= +
+

G E
e( )

4Volmer cata
el 0

2

(19)

where =
+

E ln
q dcata

el
2

( )
( ( , ) ) ( )a a

TS TS 2

TS TS lb 2 TS 2 describes the cova-

lent interactions through the chemisorption function at the
transition (ΔTS) and the electronic energy of the hydrogen
orbital at the transition state (εa(qTS, dTS)). εa

lb is the lower
bound of the metal band and λ is the total reorganization free
energy. eq 19 shows that both the solvent reorganization free
energy and electrocatalytic effect contribute to the standard
activation energy of the Volmer reaction. The total reorganiza-
tion free energy λ includes contributions from both the solvent’s
inner- and outer-shell reorganization resulting from the proton
transfer, λ = λi + λo. The inner-shell component can be treated
within the harmonic approximation for the proton-related
vibrations in the initial and final states76 which allows writing

=
*m

x x
2

( )i
H

i f i f
2

(20)

where mH* is the effective mass of the transferring proton, and ωi
and ωf are the vibrational frequencies in the initial state
(hydronium ion in the acidic conditions (νO−H+) or water
molecule in the alkaline conditions (νO−H) and in the final state
(chemisorbed hydrogen (νAu−H), respectively). xi and xf are the
equilibrium positions of the proton in the initial and final state
geometries, respectively. The outer-shell part can be obtained
through dielectric continuum theory77
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where ϵ0, ϵ∞ and ϵS denote the vacuum permittivity, optical
dielectric constant, and static dielectric constant, respectively.Di
and Df refer to the electric displacement in the initial and final
states, respectively, and can be determined from the
corresponding charge density distributions. Due to the electro-
static screening effect, water molecules respond to the field and
reorient to reduce the static dielectric constant near the
electrode surface (ϵs near the electrode surface is much lower
than in bulk solution, see eq 8).
Compared to the acidic condition, the reaction in the alkaline

solution occurs at a potential range that is more negative than
the PZFC. Therefore, under alkaline conditions the electrode
surface bears a more negative charge which in turn attracts the H
atoms in water molecules to be discharged closer to the
electrode surface and makes xi smaller in alkaline solutions than
that in acidic solutions. Consequently, λi is smaller in the alkaline
solution. Additionally, the stronger electric field near the

electrode surface enhances the electrostatic screening effect in
alkaline solutions, leading to a smaller value of λo.78 Thus, the
surface charge reduces both λi and λo components in alkaline
solutions as compared to acidic solutions.
Besides changes in the reorganization energy, the Volmer

barrier depends also on the covalent interactions. However, pH-
dependent changes in this term are difficult to quantify as there
are no DFT calculations on the barrier for formation of
Au(111)-H bond via breaking of O−H bond. Nevertheless, we
considered the pH-induced change in the covalent term, i.e. the
catalytic effect, likely to be probably negligibly small due to the
following facts: (i) the interaction between Au(111) and H is
rather weak and its change with the amount of excess free charge
(∼0.05 e) on Au(111) is rather small.79 (ii) the Volmer reaction
in both acid and alkaline media involves the breaking of O−H
bond within the hydrogen bond network (HBN), the HBN
makes the difference of free energy and related barrier rather
small in the two media.29 Hence, the pH-induced change of
solvent reorganization free energy is probably the origin for why
ΔGalkaV

≠,0 is smaller thanΔGacidV
≠,0 (eq 19when η = 0), whichmay be

rationalized by the decrease in the solvent reorganization free
energy under higher electric field.78,80 Another possible factor is
the participation of cations in the alkaline HER and their effect
on HER kinetics. The EDL model used herein does implicitly
account for the role of cations within the EDL as it is possible to
quantitatively calculate the changes in the Na+ ions concen-
tration as a function of potential and distance, as illustrated in
Figure S6A and B. The Na+ concentration can reach up to∼3M
at −0.5 VRHE. The interfacial OH− concentration is vanishingly
small, as shown in Figure S6C and D, and its influence on the
HER can be considered negligible within the potential range
studied in this work.
The high concentration of interfacial cations leads to two

opposing effects: a promotional effect where cations activate
water molecules within the EDL through the stabilization of
reacting water molecules81 and an inhibitory effect due to the
high concentration of cations hindering the rate of proton
migration toward the interface.69 The latter influences the
prefactor by controlling the reactant concentrations while the
former may reduce the reaction and barrier free energies.
However, cation-induced changes on the reaction and barrier
free energies cannot be separated from reorganization free
energy within our model (eq 19). More generally, within
Marcus- or Schmickler-like theories cation-induced changes in
either reaction and/or the barrier can be mapped as changes in
the solvent reorganization free energy. In particular, the cation-
coupled electron transfer model by Koper81 gives the following
activation energy for a reaction where electron transfer is
influenced by cations:

=
+ +

+

+
+ + +

G
D

D

D
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2
ln
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2

TS TS 2

cation
2 TS 2

(22)

where D is the bond dissociation energy, η is the overpotential,
and φcation accounts for the direct cation-reactant interaction.
Notably, the reorganization energy and the direction cation
effect occur together and hence they cannot be separated
unambiguously by measuring or simulating reaction kinetics or
barriers. Therefore, either direct cation effects or the electro-
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static effects in eq 19 will effectively manifest as lowering of the
reorganization free energy, which is one of our key results; the
lower intrinsic barrier under alkaline conditions (ΔGalkaV

≠,0 )
compared to acidic solutions (ΔGacidV

≠,0 ) is due to a smaller λ in
alkaline solutions. The smaller λ might due to either φcation or
electrostatic effects, but as the former has not been quantified
and because our simulations directly show that the electrostatic
interactions are significantly changed when going from the acidic
to alkaline conditions, we consider that the decrease in λ is
mainly due to electrostatic origin.
It is worth emphasizing again that the higher apparent

activation Gibbs free energy for the Volmer reaction in base (last
column in Table 1) mainly because of more negative potential at
RP in alkaline medium than that in acidic medium, as seen in
Figures S2B−C), results in more sluggish HER kinetics in base
than in acid at Au(111), whose conclusion is similar to the
previous work on pH-dependent HER kinetics using model
Hamiltonian methods.24

On the other hand, assuming that the potential-dependent
change of the first term in eq 19 is negligibly small, the charge
transfer coefficient according to the eq 19 can be expressed as

= +
F E E1

2

( )

2acidV/alkaV
SHE SHE,acidV/alkaV

0

(23)

In the alkaline solution, the transfer coefficient, αalkaV, is
expected to be smaller than 0.5 when the applied potential is
more negative than the equilibrium potential (ESHE, alkaV0 ≈ −1.2
VSHE) of the Volmer reaction when the overall HER is under
standard conditions (eq 23). Conversely, in the acidic solution,
the transfer coefficient, αacidV, will be larger than 0.5 when the
applied potential is more positive than ESHE, acidV0 ≈ −0.4 VSHE.
The potential regime in acid and alkaline media examined in this
work roughly agrees this relation. Moreover, the higher charge
transfer coefficient for Volmer reaction in acid than that in base
solution can be understood based on eq 23, λ is large, α ≈ 0.5. If
λ is small, α deviates from 0.5. As we have discussed, λ is
expected to be smaller in the alkaline solutions, which agrees

Figure 4. Ratio of (A) j0.1 M HClOd4
/j0.1 M NaOH, rj, (B) k0.1 M HClOd4

app /k0.1 M NaOH
app , rkapp, and (C) k0.1 M HClOd4

corr /k0.1 M NaOH
corr , rkcorr, at different temperatures as a

function of potential in Ar-saturated 0.1 M HClO4 and 0.1 M NaOH solutions. In this study, =
+ +

k
j

e n c c0.1 M HClO
app

2 /4

0.1 M HClO4

0 M H
bulk

H
0 and

=k
j

e n c c0.1 M NaOH
app

2 /
0.1 M NaOH

0 M H2O
bulk

H2O
0 , =

+ +
k

j

e n c c0.1 M HClO
corr

2 /4

0.1 M HClO4

0 M H
RP

H
0 and =k

j

e n c c0.1 M NaOH
corr

2 /
0.1 M NaOH

0 M H2O
RP

H2O
0 , where cH+

RP is calculated by solving the modified

Poisson-Nernst−Planck equation and cHd2O
RP is roughly assumed to cHd2O

bulk . (D) The nonelectrostatic term Kcorr
α , electrostatic term Kcorr

β , and rkcorr at−
0.4 VRHE as a function of temperature. (E) Kcorr

α , Kcorr
β and kacidVcorr /kalkaVcorr at 298 K as a function of electrode potential, calculated by eqs 29, 30 and 26,

respectively. (F) Electric potential at the RP in 0.1 M HClO4 and 0.1 M NaOH solutions at 298 K with electrode potential.
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well with the calculated transfer coefficient of alkaline solutions
(∼0.38−0.42).
4.3. Comparing Different Activity Metrics for Evaluating
HER Activity and Its pH Dependence

The mostly commonly metric used for assessing HER activity is
the exchange current density (j0).

41,42 Herein, we analyze the
quantitative difference of j0 for HER at the Au(111) before and
after EDL correction, i.e the prefactor in eqs 16 and 18. The j0 of
HER at Au(111) in acid and base obtained by extrapolating the
Tafel plot is ca. 10−4.51 ∼ 10−2.62 mA cm−2 and 10−3.24 ∼ 10−2.66

mA cm−2, respectively. The j0 ratio in acid and base ranges
between 0.05 and 1.10 at temperatures between 278 and 313 K,
as seen in Figure S5 and Table S3. The exchange current density
for HER in acidic media is smaller than that in alkaline media.
This is probably a result of the extrapolation of the j−E curves
based on the Tafel analysis and assuming that the Tafel slope is
constant with the change of electrode potential, which is not true
in the lower overpotential region of HER as indicated in Figure
2C and 2D. Hence, caution must be exercised when using the
extrapolation method to determine exchange current for
comparative activity.82

Another commonly used activity metric is the ratio of the
HER current density between the acidic and basic conditions at
the same ERHE, denoted as =r E j j( ) /j RHE 0.1 M HClO 0.1 M NaOH4

,
(Figure 4A). In the potential range with−0.4 V < ERHE <−0.1 V,
rj is between 1 and ∼60, depending on the applied potential and
the reaction temperature. Since the (exchange) current density
includes the contribution from concentration of reactants (eqs 1
and 2), it is better to compare the pH dependent rate constant
for HER after eliminating the differences in the reactant
concentrations (denoted as kapp hereafter) as widely adopted by
experimentalists.61 Commonly, the use of an excess of
supporting electrolyte83 has been used to rationalize the
assumption that the surface concentration at the boundary of
diffusion layer close to themetal electrode is the same as the bulk
concentration of the reactants. In this study and the investigated
potential regime, the surface proton surface is close to its bulk
value because the HER kinetics at Au(111) are much smaller
than the mass transport rate. The corresponding ratio of HER
current density normalized by the concentration (activity) of
bulk reactants in acidic and alka l ine solut ions ,

=
+ +

rk
j

e n c c

j

e n c c
app

2 / 2 /
0.1 M HClO4

0 M H
bulk

H
0

(0.1 M NaOH)

0 M H2O
bulk

H2O
0 is shown in Figure 4B.84

Similar to rj, rkapp also increases as the ERHE becomes more
negative and rises as the temperature increases from 278 to 313
K. In the negative potential range of−0.1 VRHE to−0.4 VRHE, rkapp
exhibits considerable variations, ranging from 1 to ∼600
depending on the temperature.
In reality, however, the concentration of ionic reactant within

the reaction volume or at the RP depend strongly on the excess
surface free charge of the electrode and the following potential
distribution within the EDL.7,85 As a result, the bulk and local
reactant concentrations at the boundary of diffusion layer close
to the metal electrode may differ significantly and a proper
estimation of cH+

RP is necessary to obtain the correct intrinsic HER

rate constant (denoted as =
+ +

k
j

e n c c0.1 M HClO
corr

2 /4

0.1 M HClO4

0 M H
RP

H
0 or

=k
j

e n c c0.1 M NaOH
corr

2 /
0.1 M NaOH

0 M H2O
RP

H2O
0 as referred from eqs 1 and 2). cH+

RP

at any potential, temperature and pH during HER at Au(111)
can be calculated with the aid of the microkinetic simulations
coupled with the modified PNP eq (eqs 5 and 6) based on the

EDL model (Figure 1). The normalized current density ratios,
correcting for the reactant concentration (activity) at the RP,
rkcorr = k0.1 M HClOd4

corr /k0.1 M NaOH
corr , as a function of potential are

displayed in Figure 4C. rkcorr exhibits a similar pH, potential and
temperature trends as rj, and rkapp. however, the variations in
concentration-corrected rkcorr are significantly smaller, 1− ∼ 18.
Given that the apparent rate constant (rkapp),the current density
(rj), and the corrected rate constant (rkcorr) ratios differ
significantly, one needs to be careful in choosing the most
relevant activity metric. As the corrected rate constant ratio
eliminates concentration effects, we consider it to be the most
reliable metric for the intrinsic activity as a function of pH and
temperature, instead of the apparent rate constant or current
density commonly used.
The choice of the activity metric also impacts the obtained

insight as can be seen by considering HER under kinetic control,
where the apparent rate constant, kapp(ERHE), and the corrected
rate constant, kcorr(ERHE), are
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+
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kalkaVapp (ERHE) = kalkaVcorr (ERHE) because cHd2O
RP = cHd2O

bulk .
To better analyze the data given in Figure 4, the kinetic

equations are used to write analytic expressions of the rate
constant and current density ratios at the same ERHE, and to
better analyze the data given in Figure 4. Dividing eq 25 by eq 26,
we have
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Dividing eq 24 by eq 26 we get
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Dividing eq 16 by eq 18, we obtain
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By comparing eqs 27-29, we can see that once we understand the
factors controlling rkcorr we can understand rkapp and then rj; the
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essence of the pH-dependentHER kinetics is contained in eq 27.
For ease of analysis, eq 27 is further split into two parts, Kcorr

α and
Kcorr

β . The nonelectrostatic term,Kcorr
α , contains the differences in

ΔGacidV/alkaV
≠,0 , αacidV/alkaV, pH and ESHE, acidV/alkaV0 . The electrostatic

term, Kcorr
β , captures the contribution from differences in the RP

electrostatic potential (ϕacid/alka
RP ). The equations describing

these contributions are
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] }}
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By using the data measured at 313 K and −0.4 VRHE as an
example, we provide a detailed elucidation of the multiple
factors contributing to the observed rkcorr with a net value of∼18.
At this potential,ΔGacidV

≠,0 = 0.668 eV,ΔGalkaV
≠,0 = 0.626 eV, αacidV =

0.55, αalkaV = 0.42, ESHE, acidV0 = −0.414 V, ESHE, alkaV0 = −1.254 V.
Inserting these values in eq 30, gives Kcorr

α ≈ 1.16. The
corresponding RP electrostatic potentials areϕacid

RP (−0.4 VRHE) =
−0.156 V,ϕalka

RP (−0.4 VRHE) =−0.384 V, which entered in eq 31,
give Kcorr

β ≈ 16. Therefore, rkcorr(−0.4 VRHE) = Kcorr
α *Kcorr

β ≈ 18
(eq 27). The electrostatic term Kcorr

β clearly determines the pH-
dependent kinetics of the HER; the electrostatic potential
differences at the RP are the underlying reason why the intrinsic
HER kinetics are faster in acidic solutions than in alkaline
solutions. More precisely, the electric potential at the RP ϕacid

RP in
acidic solution is 0.227 V higher than ϕalka

RP in alkaline solution,
making Kcorr

β ≈ 16, which is the main and important reason why
the intrinsic kinetics of acidic HER is faster than that of alkaline
HER at Au(111). After correcting for the EDL effects, the
nonelectrostatic effects captured by Kcorr

α are only weakly pH-
dependent. Kcorr

α and Kcorr
β at −0.4 VRHE in acidic and alkaline

media at other temperatures are similar to those at 313 K, as
shown in Figure 4D.
Different from rkcorr(−0.4 VRHE) ≈ 18, at the same potential

and temperature, rkapp is∼600. This is because, in addition to the
contributions of rkcorr,ϕacid

RP results in an exponential growth in the
concentration of hydronium ions and increases cH+

RP/cH+
bulk by a

factor of ∼33 (eq 28). Building upon rkapp, rj considers the
disparity in concentration between the bulk reactant, hydronium
and water molecules, where cH+

bulk/cH+
0 = 0.1 and cHd2O

RP /cHd2O
0 = 1.

This leads to a 10-fold decrease in rj relative to rkapp (eq 29),
resulting in rj ≈ 60, as illustrated in Figure 4A.
Figure 4E illustrates the evolution of Kcorr

α , Kcorr
β , and kacidVcorr /

kalkaVcorr (or rkcorr) as a function of electrode potential at 298 K.
Specifically, kacidVcorr /kalkaVcorr ascends from close to 0 to nearly 40 as
the electrode potential is decreased from 0 VRHE to −0.55 VRHE.
In this progression, the electrostatic term, Kcorr

β , grows by nearly
an order of magnitude because the potential at the RP in acid
solution is higher than that in alkaline solution (Figure 4F). In
other words, the driving force for the HER in acid is greater than
that in base at the same overpotential due to the electrostatic
effect.
The nonelectrostatic term, Kcorr

α , on the other hand, initially
remains below 1 in the potential range from 0 VRHE to −0.35
VRHE but becomes slightly larger than 1 at more negative
potentials. The value of below 1 in the low overpotential region

is primarily attributed to the solvent reorganization free energy
being smaller for alkaline than acidic HER at the same
overpotential (eqs 20 and 21), which results in lower ΔGalkaV

≠,0

than ΔGacidV
≠,0 (Table 1). Conversely, Kcorr

α > 1 in the high
overpotential region is mainly because the acidic electron
transfer coefficient (αacidV) is greater than the alkaline electron
transfer coefficient (αalkaV) (Table 1), which leads to a more
pronounced reduction in the HER activation energy in acid with
increasing overpotential.
In summary, the above analysis shows that under conditions

where theHERmechanisms is identical in both acid and alkaline
media, such as the present case for HER at Au(111), the ratio
between the kinetic currents of HER in acidic and basic media
entails contributions from the differences of reactant concen-
trations, EDL effects as well as the intrinsic reaction kinetics.
Notably, each of these factors significantly affects the kinetic
current density ratio and one should not put too much emphasis
on a single factor, at least without carefully considering the other
contributions. The EDL effects, encompassing the concen-
tration and electrostatic potential at the RP, play a more
prominent role for the HER at Au(111) studied herein. Our
results show that in order to comprehend the ubiquitous pH
effects observed for electrocatalytic proton coupled electron
transfer reactions, it is necessary to select the proper activity
metric, kcorr, rather than kapp or j. In particular, neither j and kapp
should be used for evaluating the EDL effects on intrinsic kinetic
activity, because both always and inherently depend the reactant
concentration ratio which depends on the electrostatic potential.
The corrected ratio kcorr, obtained using the EDLmodel, instead,
informs about the intrinsic activity and shows that the higher
apparent activation Gibbs free energy of the Volmer reaction in
base is mainly because of the more negative potential at RP in
alkaline medium than that in acidic medium, as seen in Figure 4F
and Figures S2B−C); this is the main reason for the more
sluggish HER kinetics in base than in acid at Au(111). However,
the difference in activation energy is merely 40−80meV, and the
pH effect on the intrinsic kinetics is small. This in turn strongly
implies that performing EDL corrections is crucial before
determining intrinsic activity.Only by eliminating the interference
of the EDL effect can experimental data better guide theoretical
calculations toward more accurate results, and the free energy
obtained from DFT calculations can more effectively reflect the
intrinsic kinetics of the pH-dependent HER.
Before closing, we want to convey the idea that the pH-

dependent kinetics of the HER is a multifaceted interaction of
numerous factors, rather than a straightforward description
encapsulated by a solitary descriptor, even for gold, a rather inert
metal. While our results point out the importance electrostatic
interactions and solvent reorganization free energy in modulat-
ing the intrinsic reaction rate, pH-dependent changes in the
activation free energy and charge transfer coefficients, their
temperature dependence in acid and alkaline media could be
affected by other factors such as changes in the solvent structure
or solvent polarization as discussed in ref.86 Notably, all these are
related to the solvent (reorganization) properties, which makes
the careful computation of the reorganization free energy under
relevant reaction conditions will be a crucial step in resolving the
issue of pH effects in HER.

5. CONCLUSIONS
The hydrogen evolution reaction (HER) is a fundamental
process in electrocatalysis with profound implications for energy
conversion technologies. This study delved into the intricate
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pH-dependent kinetics of HER at the Au(111) electrode,
shedding light on the multiple factors influencing this critical
reaction. Our systematic investigation, in 0.1 M HClO4 and 0.1
M NaOH solutions across a range of temperatures, uncovered
multiple essential factors and key insights. First, we demonstrate
that the impact of covalent bonding, i.e. the catalytic effect,
electrostatic effect and concentration effect (mass transport) on
the elementary step kinetics can be separated. This separation
allowed us to scrutinize each factor separately and contrast
commonly used activity metrics with each other; based on this
detailed analysis we recommend the use of the corrected
reaction constant as the most relevant metric for evaluating
intrinsic HER kinetics, because it eliminates the impact of
reactant concentrations, electric double-layer effects, and offers a
holistic comprehension of pH-dependent intrinsic kinetics for
electrocatalytic reactions.
We observed that, at identical overpotentials, the HER

current ratio between pH = 1 and pH = 13, rj, varies significantly
with temperature, ranging from 1 up to approximately 60-fold.
In contrast, the ratio between the corrected rate constants,
rkcorrresulting from the elimination of concentration effects and
the electrostatic double layer effects, exhibits a much more
modest variation between 1 and 20. The intrinsic standard
activation energy for Volmer reaction in 0.1 M NaOH is ∼40−
80 meV smaller than that in 0.1 M HClO4, which is probably a
result of smaller solvent reorganization free energy in alkaline
solutions than that in acid due to the larger electric field and
consequently smaller dielectric constant for the former case.
Although the intrinsic activation energy is smaller in alkaline, the
significantly more negative electric potential at RP in alkaline
medium and the smaller charge transfer coefficient than that in
acidic medium together lead to a higher apparent activation
Gibbs free energy for the Volmer reaction and, consequently,
slower HER kinetics in alkaline conditions.
While it needs to be acknowledged that significant future

efforts are needed to develop a generally applicable theory of
electrocatalysis and electrocatalytic reaction environment. The
quantitative insight on the intrinsic catalytic activity, electro-
static effects, and concentration effects (mass transport) on the
overall kinetics gained through the work herein will aid the
rational design of electrocatalysts and optimization of electro-
chemical reaction conditions.
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Überspannung. Zeitschrift für Physikalische Chemie 1930, 150A (1),
203−213.

Precision Chemistry pubs.acs.org/PrecisionChem Article

https://doi.org/10.1021/prechem.4c00081
Precis. Chem. 2025, 3, 135−148

145

https://pubs.acs.org/doi/10.1021/prechem.4c00081?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00081/suppl_file/pc4c00081_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1668-5361
https://orcid.org/0000-0002-1668-5361
mailto:ju.huang@fz-juelich.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Xia+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1370-7422
mailto:yachen@ustc.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Er-Fei+Zhen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing-Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng-Ke+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu%E2%88%92Lu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Yu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+M.+Melander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7111-1603
https://orcid.org/0000-0001-7111-1603
https://pubs.acs.org/doi/10.1021/prechem.4c00081?ref=pdf
https://doi.org/10.1039/df9470100057
https://doi.org/10.1103/PhysRevB.79.235436
https://doi.org/10.1021/acs.jpcc.9b02148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10008-011-1301-3
https://doi.org/10.1007/s10008-011-1301-3
https://doi.org/10.1515/zpch-1930-15020
https://doi.org/10.1515/zpch-1930-15020
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.4c00081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(6) Volmer, M. Zur Theorie der Vorgan̈ge an unpolarisierbaren
Elektroden. Zeitschrift für Physikalische Chemie 1928, 139A (1), 597−
604.
(7) Frumkin, A. N. Wasserstoffüberspannung und struktur der
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